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Results from a series of simulated submerged cable maneuvers are

presented. The simulations are obtained using a three-dimensional,

finite-segment model of the cable. The model, called UCIN-CABLE,.consists

of a series of ball-amd-socket connected rigid rods.

buoyancy forces are included.

~
~

Fluid drag, inertia and

Two types of simuiation are presented: buoy release and anchor

drop. The results compare favorably with experimental data and with

data obtained from finite-element modelling.
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E:i ' NOTATION
ElM a Cross section area of Lj’
& a,b,c Coefficients defined by Equations (26),(27) and (28).
gg Box Component of fluid acceleration normal te Lj at Gj' [See
Y Equation (24).]
;i' ay Normal. component of.fluid accelergtion\relativ- to Lj at P.
i'f 2/G Acceleration of the fluid relative to.Gj. _
éii %0 ‘Mass matrix. [See Equations (1) and (2).) (2,p*1,c..,0)
= A,B,C Coefficients defined by Equations (5),(6) and (7). .
{t by Buovancy force on Li at P, per unit length.
3 By Equivalent buoyancy force on I..j at Gj' [See Equation (19).]
E]l CyrCy»Cp  Coefficients ‘defined by Equations ®), (9),.and (10).
-;E d Diameter. of Lj'
;i; . ek Permutation symbol.
éi; £ Applied force on Lj at P. [See Equation (4).]
q fz Defined by Equation (3). (4=1,...,m)
5&5 gj Equivalent applied force on Lj at Gj' [See Equation (15).]
3 ij B, components of Fj' (3=1,...,N; k=1,2,3)
1 Fy Equivalent added mass force on Lj at Gj‘ [See Equation (17).]
Ey Equivalent normal drag force on Lj at Gj' [See Equation (18).]
ET . Equivalent tangential drag force on Lj at Gj‘ {See Equation (19).]
Fz Generalized active forces. (2=1,...,n)
g Gravity constant.
Gj Mass center of Lj' (3=1,...,N)
- Ijkh o, components of the inertia dyadic of Lj with respect to Gj'
3=1,...,0N; k,h=1,2,3)
k Vertical (up) unit vector.
L Lengih of Lj'
Lj Typical cable segment. (3=1,...,N)
mj Mass of segment Lj'
n Number of degrees of freedom.
n Unit vector parallel to Lj’
B Unit vectors fixed in R. (k=1,2,3)
N Number of cable segments.
P A typical point on L,.
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An inertial reference frame.

Reynolds numbers defined by Equations (11) and (12).

[See Equation (16).]

(3=1,...,N; k=1,2,3)

[See Equation (22).]

[See Equation (23).]

gk'?omponents of the pairtial velocity of Gj'
(3=1,...,N; p=1,...,n3 k-1!2.3)

Components of fluid velocity normal to L, at G,.

3 3

Normal component of fluid velocity relative to Lj at P.

Tangential component of fluid velocity relative to L, at P.

3
Velocity of the fluid relative to Gj'

Equivalent applied torque on Lj‘
B, components of gj.
Equivalent added mass torque on Lj'

Equivalent normal drag torque om Lj‘

N

[See Equation (25).]

Weight of Lj per unit length,
Weight of Lj' [See Equatien (20).]
Orientation angles.
Viscoscity of the fluid.

Fluid mass density.

(p-la e e ,n)

Cable mass per unit length.
L components of the partial angular velocity of Lj'
(3=1,...,N; p=1,...,n; k=1,2,3)
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INTRODUCTION

é
E
E
:

In a series of recent papers [1,2,3]*, we presented a method for }f : j
modelling cable dynamics. The method is based upon previously developed _—
general procedures for finite segment modelling of multibody systems R
[4,5]. 1In thisreportwe present results obtained by applying the method J;*;JTT
in a series of submerged céble configurations. The results are com- L
pared with experimental data reported ﬁy Palo at the Navy's Civif‘.
Engineering Laboratory [6], and with numerical data obtained from - e
SEADYN [7]--a fiunite element cablg computer code. _—

A brief review of the method itself is presented.in the first

section of the repert. S
@ i
;_;.(.. -q
. .

*Numbers in brackets refer to References at the end of the report.
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I. FINITE SEGMENT MODELLING

We model a cable by a series of ball-and-socket cennected rigid links, cr

gegments, as depicééd in Figure 1. The dimensions and physical para-

meters of the segoments are arbitrary. Also,kwe let the segments be

subjected to general force fields. This allows us to simulate an

arbitrary fluid environment, as well a%'graVity and buoyancy forces.

Finally, table stiffness 6: elasticity;<i£ it is significant, can be modelled
by springs and dampers between the segments.

Ve describe ihé orientation and configuration of the system using
the relative angles between the segments. We assume that in a specific
maneuver that one end of the cable may be attached to a towed body and
that the~motion of the other end is specified (for example, it may be
fixed). We assume that the initial configuration of the system is
known. -The objective of the analysis is then to dafine the subsequent
configuration of the system.

Cable -”‘ ) Model ';*

igure 1. A Finite Segment Model of a Cable.
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Using procedures doveloped for finite segment modelling of multi-
body sy&tems [4,5), we can obtain explicit governing dynamical equations
- - of wotion for the cable model, -What is more, wé car .cbtain these equa~
tions in a form suitable for conversiom imto algorithms for numerical

iutegration. Specificmily, the equations may be written in the form:

R
o »
et
Ly

a i - f" ).;(z’p - 1,..-,,1!) (1)
where the Xé(p'l;.::,n) iepresent the relative orientation angles of the
cable segments, where n is the mumber of degrees of freedom. <{Regarding
notation, there is a sum for repeated indices over the range of the index,)

and fz are given by the expressions:

s Aw o,
A .-

a Lp

AN

ip " g N .Ijkh‘.”jph“’jzk @
end o .
£2= 5 ( ™ jl*k jqk q ¥ Tyt 2h“jquq
te k jqn jsr jzk jmrxqk ) S

vhere mj(jsl,...,n) is the mass of the jth cable segment L 't
is the n.mber of cable segnents; Ijkh(k’h'1’2’3) are the components of
zj, the inertia dyadic of Lj with respect to its mass center Gj, referred
to unit vectors ny fixed in an inertial reference frame R; W3Ok and Vjpk
(3=1,...,N; p=1,...,n; k=1,2,3) are the ng components of the partial
angular velocities and partial velorities of Lj and Gj {8]; F2(£=1,...,n)
are the generalized active forces [8] developed from the forces applied

to-Lj; and e, is the permutationm symbol [9].

Equations (1) form a set of n simultaneous nonlinear ordinary dif--
fe:ential equations determining the orientation angles Xp- Since the

coefficients a,p and f£ are functions of the arrays T and w and

jak
their derivatives, the system of governing equations can automatically
be generated once the v jzk and mjzk arrays and their derivatives are
determined. Simple algorithms for computing Visk and wjzk and their
derivatives have been developed. They are recorded in References

[4] and [5].
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IX. FLUID AND GRAVITY FORCE MODELLING ¢

The applied forces contributing to the generalized active forces Fg

consist of fluid ard grav..ty forces. The fluid forces may be represented

as: 1) Normal dr-  “orces: 2) Tangential drag forces: 3) Added mass

forces; ard 4) Buoyaucy forces., Reference [2] contains a detailed
analysis of each of these forces. Specifically, it is shown in {2] that
the aiplied force at : typical point P (See Figure 2.) of a segment Ls

Ay be written as:

S fay + BT

wl ¥y * S YplVp 4w+ by . ()

whe .e Viy 18 % » mmal component of the fluid velocity relative to the
cable.segmep’ . P, ay is the normal component of the fluid acceleration
rela-ive to the cable segment at P, YT is the tangential component of
the f1+-'31 velocity relative to the cable segment at P, w is the segment

weight per unit length, and by is the buoyancy force per unit length.

L
[

T
’ " "'
AR T R N
.t
. »
% -' -.l

i
®

T
s o
.
D
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Figure 2. A Typical Cable Segment L
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The coefficients A, B, and C are:

A= Cnn(ﬂlé)dz ()
B = Cyo(d/2) u ' (6)
C = Cpp(d/2) : (7

where p is the fluid mass density and d is the diameter of Li' CM’ CN’
and CT are coefficients depeandent upon the Reynolds number of the fluid
fiow relative to the cable segment. They are usually determined exper-

imentally and reported results may vary slightly. Webster [7] records

them as
Cy = 1.0 (8)
0.0 for Ry < 0.1
0.33
0.45 + 5.93/ (Rey) for 0.1 < Ry € 400.00
Cy = ¢ (9
.27 for 400 < R y < 105
5
(3:3 for R > 10
and
0.74
1.88/(R_..) for 0.1 < Rer < 100.55
eT
Cp= (10)
0.062 for ReT > 100.55

where the Reynolds numbers ReN and ReT are defined as:

Ry =edjy, !/ (11)
and
Ry = 0d|V [/ (12)

vhere u is the viscoscity of the fluid.

The weight force w may be expressed as:

w = -p gk (13)
= cS<

r . o e JR——— [P - -

' - ~ - - . "
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vhere p. is the cable mass per unit length, g is the gravity constant,

and k is a vertical (up) unit vector.
The buoyancy force at P may be expressed as [2]
by = pgaax(k xn) (14)

where a is the cross section area of Lj and p is a unit vector parallel
to Lj. (See Figure 2.) (Note that since the cable segment is a model
of a portion of a continuous cable, the ends of the segment are not
exposed to the fluid. That is, the segment ends are "shielded" from the

fluid by the'adjoining cable segments. This results in PN being normal
to'L d) ‘
3.
If the set of applied forces at all points along Lj are replaced by
a single force Ej passing through Gj together with a couple with torque
gj, then Ej and Zj may be expressed as:

Ej"fu"’fu“”gr""l"'gn (15)
and

whexe Fy, Fy, ET’ W, and BN are due to the added mass, normal drag,
tangential drag, gravity and buoyancy forces respectively, end Iy
and Ty are torques due to the added mass and normal drag forces.

These forces and torques may be expressed as [2]:

Fy = Alagy ' (17)
3 3
gN = B{Qx 13(1/3(,-,) (X b '-—L/Z - X /ZII./-?) + [(b/2c)w x n

+

Vo) [(cL+b)x4'L/2 (cL b)x ‘-—L/Z

R
(ac v?) [ #| Ly + (Le¥/2) + (b/2c’5) }
| - (Le?/2)+ (b/2c /]

+

-6-

e —_— it R T - - - . R—

L s - R L, - . W " 2 -
P S YU Ty - Wi PP P SO R o e . L POV Y. A mioaaaa ASe S

Te YT e TR a




r:w':v-:x-r,*v‘_ TSI TR SRR S, i MR A - WL T T e - L A e L
.

L - 19

9 Er CL'V l 6T (19)
; ‘5 ="YL = —p ng.( (20)
i ¢

= - - 21
s By = Dyl pgal n x(k x n) (21
3 T, = -AL3/12) [e - (2 - D)o + (@ - o x o] (22)
Fiﬁ e 3 | 3 ( ) ok

3 \ /) - 2 _ blelL+d) ¢

: Ty = Bo x Vo [(1/300X 2| ) - (/308 2| ) gz X lyy2
) (% %2) + (b/2c*
- b(-cL+b) X blbac -b2). (X lpsp HLe /D) + (b2
7| e G N W1 e L y
- v 8c? d 16¢”/2 x* | /2 Le/2) + (b/2c7)
2 —_— A y

. —_ + B[(w - p)n - m]{f1/4c)[(L/2) - (5b/6c)}x 2 ;L/ (23)
:;ﬁ‘: + (1/4c) [(L/2) + (5b/6€)]X /; I ‘

A4 ~L/2

i 2 _ 2 1eL+b 15 cL-b ks

3 + [Sb 4ac)/16¢c ][ X iL/2 + —ZE___X I-L/Z

3 3% b

- hac - b2 X IL/2-+(Lc /2) + (b/2c?)

!E! + log " I 3,

3 8¢ X l_L/z-(Lc /2) + (b/2c™)

i’j where L is the length of Lj’ @ and o are the angular velocity and angu-
o

cceleration of L, dv
lar accele 5 an VeN and aGN are the

compcnents of the fluid velocity and acceleration normal to Lj at Gj’

YGN and 3oy DAY be expressed as:

Yon = Yuye = Qyye - wm (24)
and

- %en = /e~ (e 0T *2)
@, where YW/G and au/c are the velocity and acceleration of the fluid
3 relative to Gj' Finally, the coeificients a, b, and c, and X are:
A% 6N " ~eN (26)
:;_ b = ZYGV c e X1 (27)
:f\ -7~
A
E®
-
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c=(wxy;* (0 xn) (28)
and '

X = a + bx + cx? ) (29)
where x is the length variable shown in Figure 2.

Using these results, the generalized active forces Fl are:
i

Pz = vangjk + wjlk?&k T T (30)

where ij and T4y are the n, compouents of Ej and T4 of Equatioms (15)
and (16). (. z before, there is a sum in Equation (30) over the repeated
indices for the range of the indiczes.)

« T T
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III, SUBMERGED CABLE DYNAMICS

Analytical validation of the finite segment model (UCIN-CABLE)
without fiuid forces, has been obtained by comparing results predicted
by the model with results cbtained using other methods. “Réference [3]
records details of this validation. To obtain addiiicnal validation,
and to develop further applications, a series of subuerged cable man-
euvers were simulated. These included buoy relaxations and achor dropsa

in water depicted in Figure 3.

In each maneuver, the cable length was 2?2 in. (1.83 m). Silicon
rubber and nylon cables were simulated. The silicon fubber cable had
a diameter of 0.163 in. (4.14 mm) and the nylon cable had a diameter of
0.1 in. (2.54 mm). The weight densities of ths silicon rubber cables
were 0.137 1b/in (24.0 N/m) and '0.108 1b/in (18.92 N/m) in air. (The
heavier cable included a wire conductor.) The weight density of the
nylon cable was 0.0448 1b/in (7.85 N/m) in air. The buoys and '
anchnrs were 2 in. (50.8 mm) diameter spheres weighing 0.025 1b (0.111 N)
and 0.246 1b (1.09 N) in air respectively.

,f" Water Surface “r. Water Surface

—

*
Bouy \/Q

a. Bouy Relaxation b. Anchor Drop

Anchor

=X

Figure 3. Cable Maneuvers,
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Six tests were conducted. The first four were buoy relaxations as
in Figure 3a. The last two were anchor drops as in Figure 3b. Twelve
- 4duntical cable  segments togetﬁex with a sphere representing the buoy
or anchor, were used in the model, for each test. The fluid mass density
and viscoscity were given the values 1.9856 slug/ft3 (1024.16 kg/m3) and
3.516 x 105 slug/ft.sec. (1.684 x 103 kg/m sec) to simulate seawater.

The tests were designed to simulate experimental tests conducted at

o

T
¥

the Civil Engineering Laboratory in Port Hueneme, CA as recorded by
Palo [6]. Table I provides a description of the tests., Figures 4. to

r il N ¥
Hv ":- SRR
T, RER

9. show the cable configuration at various times, together with compar-
isons with experimental results-and finite element results (SEADYN) for

the respective tests. Figures 10. to 15. show analogous results for

the fixed end tension. Finally, Figures 16. to 21, show buoy and anchor velocities.

BT

~Q
e, Initial Position
Test of Buoy or Anchor Cable
3 Number Type {See Figure 3.) Material
1 Buoy Relaxation x=51 in., z=-24 in. Silicon Rubber
2 Buoy Relaxkation x=5] in., z=~33 in, Silicon Rubber
with Wire Core
3 Buoy Relaxation x=51 in., z=-33 in. Nylon
4 Buoy Relaxation x=51 in., z=16.6 in. Silicon Rubber
with Wire Core
5 Anchor Drcp x=66 in., z=0 : Silicon Rubber
6 Anchor Drop x=54 in., z=0 Silicon Rubber

Table I, Test Descriptions.

-10-
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Figure 11, Test 2: Fixed End Tension for Buoy Relaxation
for Rubber Cable with Wire Core.
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B b U R i el e i e M

S T St . S G . T VUL TR T N N NN e P

a e o ae o e T




B W T B T T R R T W T T W e e W U TR TR RS TR TR TR R RO R R TR R L T e T e s T e TR R A E T T e e 2 d

TOTAL VELOCITY OF BUGY CIN/SEC)

25.9

28.0

15.8

1.0

5.8

R

- TEST 2

—— UCIN CABLE
---- SEADYN
— EXPERTMENTAL

i 1 1 1 ! 1
R 8.9 i.8 2.1 3.6 4.5 5.4

TIE (S0

Figure 17. Test 2: Buoy Velocity for Rubber Cable

with Wire Core.




Yot k7 A ot
Poals
»

.............

.............

TOTAL VELOCITY OF BUOY (IN/SEC)

3.9

30.0

25.0

20.9

5.0

16.8

5.8

8.0

......

- W T T YA T T T A T R e T e T e e ABTF TR AT EF TR YR™

TEST 3

— — UCIN CABLE
ceee SCADYN
—— EXPERTHENTAL

0.9

Figure 18.

i.8
TIME  (5E0)

Test 3: Buoy Velocity for Nylon Cable.




Fw"m"r-'x“‘v‘"-*'w"ﬂ“'-.‘"'."";?—‘r'w"?r"*:"":“-; R ol R N N O R e R I A I T A e R e A TR IR i’ S Al T 4
EE ~ =3 Al - - - . -

TEST 4
G %8

20.0

5.0 __ UCIN CABLE

---- SEADYN
— EXPERTMENTAL

»".'WR‘[':’.’,"-‘-'L' ’
. Y e
LAY Sl

10.0

TOTAL VELOCITY OF BUOY (IN/SEC)

(2 o]
o
L3

Dl ;a' f‘fl T
KRS Y MR

8.9 1 ! 1 ; !
g; 9.8 8.9 1.8 2.7 3.5 4.5
g

TIE GO

(o La]
.

N
«
t

Figure 19. Test 4: BuoY Velocity for Rubber Cable
with Wire Core.

CADLIEEELA & s L' v
RSO N

WF s
lan

F,F :’_ M -=_:/I .
- B
.,
s
']
2
-4
[
3
r
b
3
b
e
3
4
[
f
]
[
b

ke s m e Awm o § e A e ® o ema eeiw R e s s sacem = oy —ee s - - - e e m e~ s =

ad P Y




3%.8

30.8

2.8

20.8

15.9

TOTAL VELOCITY OF ANCHOR (IN/SEC)

18.8

5.8

8.8 | 1

T T I T I A VYT ol TUN LN M ROV N IS OO NSRS R L WSS SRR e r R Wy mem e a am Tt e

TEST 5

—— UCTH CABLE
--<- SEADYN
— EXPERTMENTAL

1 i | .

0.9 1.5

Figure 20. Test 5:

3.8 4.5 6.9 1.5
TIE  (E0

Anchor Velocity for Rubber Cable.

-27-




35.0

30.0

&

» 5.0

S|

S

g 20.8

S

=

< 5.0

—

L

. |

=

— 10.0
5.8
2.8

..........

B S SR LN P
Nkl PN L

TEST 6

—— UCIN CABLE
--- SEADYN
——— EXPERTMENTAL

] ]

TIE (GO

Figure 21.

4.9 5.0

Anchor Velocity for Rubber Cable.

''''''''''




o oA e e .

..........

IV. DISCUSSION AND CONCLUSIONS

In the current set of tests the cable was relativelv light.
HBeace, the viscous forces were relatively large compared with the
gravitational and inertia forces. The tests thus provide a validation
of the fluid force modelling of the UCIN-CABLE code. (As noted earlier,
the inertia force validation is reported in Reference [31.) -

The results show that it is not only possible, but it is also
practical to obtain numerical simulation of cz2ble dynamics through
finite segment modelling., What remains is a validation of the

modelling for three-dimeansional maneuvers.
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